We demonstrate this by integrating a power management system, together with multiple diverse scavenging transducers and a storage module, on a well-chosen textile antenna topology. We provide guidelines to ensure that the additional hardware does not affect the textile antenna's performance.
I. INTRODUCTION
Smart fabric interactive textile (SFIT) systems have the potential to revolutionize many aspects of life. In critical professional applications, SFIT systems could enable monitoring, localization, and coordination of first responders or firefighters during rescue missions and interventions. Employing SFIT systems in healthcare applications will facilitate wireless monitoring of vital signs of patients in hospitals. Eventually, it will also enable remote monitoring of patients in home-care scenarios, resulting in a much higher comfort for the patient. In addition, elderly people could stay longer at home, which would partly resolve the future dilemma for healthcare services originating from rising life expectancy of the world's population. Each such SFIT system should be able to set up reliable wireless communication links between the mobile users and a central control center. Beside this, each end user will impose stringent requirements on wearable wireless communication systems, such as stable energy-efficient performance in harsh operating conditions, as well as wearability and comfort. Fully flexible and breathable textile antennas, exhibiting a sufficiently broad radiation pattern, a high front-to-back ratio (FTBR) and large radiation efficiency, are the ideal solution for energy-efficient and reliable wireless communication in SFIT systems. Moreover, low and efficient power consumption forms an additional key requirement to avoid heavy batteries and frequent recharging.
In contrast to flexible batteries [1] , [2] , traditional rigid batteries are bulky [3] and uncomfortable to wear. Therefore, they are impractical for integration into wearable textile systems. Moreover, in critical applications, lifethreatening situations may occur when the batteries of the wearable system run out of power and immediate battery replacement or recharging is impossible. As many physical quantities that are monitored by sensors in smart textiles change slowly, they can be measured and transmitted in bursts. Hence, a low duty cycle operation, yielding a low average power consumption, is suited [4] . Given the low average power requirement, smart textiles are prime candidates to be partly or even solely powered by energyharvesting techniques, as in [5] and [6] , resulting in a system with less or without bulky batteries. Alternatively, the lifetime of the battery may be extended, as energy is harvested at the location where the system is operating. As described in open literature, energy can be scavenged from different sources in the environment, such as solar [7] and radio-frequency (RF) energy [8] , [9] , or from the user's activities, generating body heat [10] - [12] or kinetic energy from walking [6] , [13] or cycling [14] . However, an adequate power management module is necessary to convert the very small and highly fluctuating levels of energy into a form useful for powering smart textiles. In addition, in a wearable system, this module should be flexible, facilitating unobtrusive integration into the garment. Up to now, most researchers have focused on energy harvesting from a single energy source [6] - [8] , [10] - [14] . Few of them have scavenged from two different power sources [15] - [18] or have used two different actuation techniques [19] to increase the amount of power or to achieve a higher continuity in energy scavenging.
As smart textile systems should be comfortable to wear, the textile antenna and, by extension, every component in the smart textile system, have to be low profile, lightweight, and mechanically flexible. The textile antenna's dimensions must remain of the order of half a wavelength to realize sufficient gain and large antenna radiation efficiency in proximity of the human body [20] . Moreover, multiple well-positioned antennas will be necessary to avoid shadowing caused by the human body and/or to provide different services in distinct frequency bands. This, however, does not present a particular problem as a garment provides a sufficiently large integration platform, even for multiple antennas. In addition, the continuously decreasing size of sensor nodes and computational hardware enables the direct integration of active electronic circuitry, such as low-noise amplifiers and transceiver modules, onto the antenna feed plane [21] . Hence, a high level of integration can be achieved, avoiding long interconnections and reducing the risk of failure.
In this paper, we reuse the antenna as an integration platform for energy-harvesting and power management hardware. To outline the state-of-the-art and the future potential in terms of integrating a relevant transducer onto a textile antenna platform, we first review the four primary energy-harvesting sources. We also point out future opportunities, given some upcoming technologies. Next, we describe suitable antenna topologies for facilitating easy integration of energy-harvesting hardware. In addition, we outline the measures that should be taken to avoid a reduction in antenna performance. Finally, we demonstrate the integration of a flexible hybrid energy-scavenging system onto a wearable substrate integrated waveguide (SIW) cavity-backed textile slot antenna for efficient communication in the 2.45-GHz industrial-scientific-medical (ISM) band. To enable energy harvesting from three different poorly regulated energy sources by means of three different actuation techniques, a flexible central power management system (CPMS), including energy storage, is placed on the antenna feed plane. The power management system is designed for linear solar energy harvesting, as in [22] , and energy scavenging from artificial light by means of a boost converter. An ultralow-voltage step-up converter is added to this power management system, enabling energy scavenging by means of a thermoelectric generator (TEG), placed on the human skin. The design leverages operation at net thermal gradients lower than 1 K. The integration of the flexible CPMS and ultralow-voltage stepup converter, together with an energy-storage element, onto the wearable textile antenna results in a highly compact flexible module able to scavenge energy from energyharvesting transducers (EH transducers) integrated onto the textile antenna, as well as from standalone EH transducers. This is demonstrated by the integration of two offthe-shelf flexible solar cells onto the wearable textile antenna, connected to the linear harvesting input and the boost converter input of the power management system, enabling energy harvesting from solar and artificial light, respectively. A standalone TEG, placed into direct contact with the human skin and connected to the input of the ultralow-voltage step-up converter, enables thermal body energy harvesting. The power available of these three different poorly regulated energy sources is combined by the CPMS to charge the microenergy cell (MEC), in the meanwhile protecting the MEC and providing a regulated output voltage. This limits the size and weight of the battery and extends its life time.
To the authors' best knowledge, this is the first highly integrated wearable textile system which, on the one hand, combines the energy scavenged by a solar cell from artificial light in an indoor environment and the energy scavenged by a TEG from the heat emanated by the user's body, enabling energy scavenging in most indoor situations. On the other hand, a second solar cell, integrated on the same antenna, harvests an additional amount of energy in outdoor environments. This hybrid energy-harvesting approach leverages a higher total harvested energy and reduces the time, during which no energy can be harvested. Measurements were carried out to prove the quasi unaffected antenna performance, to characterize each subsystem, and to demonstrate the system's performance in real-life scenarios.
II. ENERGY HARVESTING IN BODY-WORN APPLICATIONS
The most limiting operational constraint of current wireless body area network (WBAN) systems is the limited system autonomy between subsequent battery recharges [23] . To this moment, batteries, in their various appearances, are the primary solution to power SFIT systems. Besides the obvious maintenance burden of recharging or replacing, batteries frequently dominate the size and cost of the SFIT system [24] . One potential solution consists of exploiting energy harvesting by extracting energy from ambient sources at the place where the SFIT is worn by the user. In critical applications, this could prevent lifethreatening situations due to batteries of the wearable system running out of power during interventions. In these situations, there is typically neither time nor possibility of immediate battery replacement or recharging.
Energy harvesting, or energy scavenging, received a great deal of interest as a potential inexhaustible source for low-power devices. At this moment, most common energyharvesting systems exploit four sources of energy, being light, electromagnetic radiation, and thermal and motion energy. All have received a certain degree of attention, but the general conclusion after an extensive literature review is that the optimal energy-harvesting solution is highly application specific. Therefore, in this section, we review energy harvesting in the context of SFIT systems for rescue workers and for patients in home-care scenarios and hospitals. In particular, by a suitable choice of antenna topology, the textile antenna of the SFIT system may act as integration platform for the necessary energy-harvesting hardware, in the meantime maintaining its flexibility and wearability. As a starting point, we first describe the necessary energy-harvesting hardware.
A. Energy-Harvesting Hardware
To enable energy harvesting and to adequately power an SFIT system, the following three hardware blocks, depicted in the system level diagram, as shown in Fig. 1 , should be implemented:
an energy-harvesting transducer, which efficiently converts ambient energy into electrical energy; an energy storage device, which stores the harvested energy to increase the lifetime of the SFIT system and to overcome periods in which no energy is harvested; a power management system that optimally charges the energy storage device from the unregulated and discontinuous alternating current (ac) or direct current (dc) output of the transducer. It also generates a regulated dc voltage for adequately powering an SFIT system. Each of these components can easily be integrated onto the textile antenna, provided that a suitable antenna topology is chosen and that the transducing mechanism allows this. These aspects are studied in more detail in Sections II-B-II-E.
B. Light Energy Harvesting
Light energy harvesting generates electrical energy from ambient light, being natural sun light or artificial light, using photovoltaic (PV) cells as transducers. PV cells are the most mature and commercially exploited energyharvesting solution [29] . The harvestable energy depends on the spectral composition, incident angle, and intensity of the light impinging on the PV cell, on the one hand, and the size, sensitivity, temperature, and type of the PV cell, on the other hand [25] . Availability of light is the key limitation of this energy-harvesting technique.
When using light energy harvesting, the most important consideration for choosing the optimum PV cell is the source of light energy that will be available for harvesting. The spectral composition of natural and artificial light differs. Even within the artificial light sources, there is a difference in spectral composition between incandescent bulbs, fluorescent light, and light-emitting diode (LED)-based lighting [25] .
For instance, Matiko et al. [25] indicate that a-Si cells are the better choice for harvesting from white fluorescent and LED-based light sources, whereas c-Si solar cells are more suitable for harvesting from incandescent bulbs. In addition, for SFIT systems, the PV cell needs to be flexible for unobtrusive integration. Markus and Jürgen [30] provide an overview of flexible solar cell technologies and conclude that the development of flexible hydrogenated amorphous silicon (a-Si:H) solar cells on a flexible thin film polymer substrate enables low-cost, eco-friendly and reliable powering of an SFIT system. In [31] , the first fiberoptic solar cell was created. This device could result in an even more unobtrusive SFIT integration in the near future by constructing woven fabric solar cells. Another promising integration strategy is the incorporation of polymeric PV cells into garments and textiles [32] . The performance is encouraging, yet stability issues still need to be resolved.
However, even with an optimum choice of PV cell, there will be a large, application-dependent spread in available power density, as depicted in Table 1 . The power density in an indoor scenario will be much lower than the power density in an outdoor scenario. Moreover, in indoor scenarios, for example, for patients in home care or hospitals, the available light source and intensity will vary when moving from one room to another room [25] .
However, in [33] , indoor application of solar cells, for converting incident fluorescent light, was demonstrated with the aim of powering a wireless sensor network for biomedical sensing applications. A sensor node and two router nodes, connected to eight monocrystalline solar cells, placed at 1-cm distance from 34-W fluorescent lights, were satisfactorily tested for over 24 h. Despite the unpractical distance of 1 cm, they demonstrated the potential to power a biomedical application solely by indoor light. Standalone solar-powered wireless sensor nodes are already available. For instance, Infinite Power Solutions (Littleton, CO, USA) developed a wireless environmental sensor energy-harvesting evaluation kit that includes an amorphous silicon solar panel, enabling efficient charging in low illumination conditions. It utilizes a MiWi RF protocol, by Microchip Technology Inc. (Chandler, AZ, USA), to transmit sensor data to a personal computer (PC) [34] . However, to the authors' best knowledge, each commercially available solution is currently rigid and does not reuse the surface of the antenna.
In critical professional applications, where rescue workers are active in both indoor and outdoor interventions, several design strategies may be adopted. In [22] , a solar cell was applied with a broad spectrum and with its maximum power point close to the nominal voltage of the energy storage device. A power management chip was then chosen to implement linear harvesting. Hence, a lower break-even threshold is achieved than with maximum power point tracking (MPPT) [22] . This leverages light energy harvesting in lower light intensity situations. Another design strategy may consist in combining the energy scavenged by two different solar cells, with one optimized for indoor light energy harvesting and the other optimized for outdoor light energy harvesting. However, one should take care when using indoor solar cells in outdoor applications, as this may cause damage to the modules, typically designed for continuous use at illumination levels of the order of only a few 1000 lx [25] .
In literature, a lot of solar antennas have been reported. A high level of integration may be realized by cutting slot structures in the amorphous silicon solar cells and applying the apertures as slot antennas [35] or by gluing the solar cells on top of a radiating patch [7] . Since the thickness of the solar cells is very small compared with the wavelength, the influence of the solar cell integration on antenna performance is negligible [7] . In [36] , a planar PV dipole and a cylindrical loop PV antenna were designed, for use in the 3.1-10.6-GHz band. In case of the dipole, two parallel-connected solar cells were applied as the arms of the dipole antenna. They enable solar energy harvesting in outdoor situations via a boost converter using an MPPT algorithm to charge a supercapacitor. To implement the loop antenna, five flexible a-Si:H series-connected PV modules were used. They enable 360 indoor light energy harvesting via a dc-dc converter charging a thin film battery. Both configurations were used to supply power to a sensor, microprocessor, and radio transmitter, which transmits data packets every 8.5 s at a 10-kb/s data rate at a center frequency of 9.1 GHz. In that case, the autonomy of each system equals 9 h and 30 min and 2 h and 30 min, respectively. Yet, the aforementioned solutions are not suitable for integration in SFIT systems due to their rigid nature and the absence of a ground plane that isolates the antenna from the human body. Printing technologies and fabric solar cells are not yet robust and efficient enough. Therefore, flexible a-Si:H foil-based solar cells are commonly integrated onto textile antennas and serve as reliable and low-cost power supply for smart textiles [7] , [30] . In [7] , two such flexible solar cells were unobtrusively integrated onto a shorted patch antenna. These parallel-connected solar cells generate a maximum power of 114 mW, measured under ideal illumination conditions of 100 mW/cm 2 , corresponding to a clear bright day and sunlight directly overhead. In [22] , the wearable textile antenna features an integrated flexible solar harvesting system, consisting of an a-Si:H flexible solar cell, a power management system, and an MEC. The solar cell provides 78.6 mW, measured under the same ideal illumination conditions. The specific integration of the solar cell and the choice of an antenna topology will be discussed in Section III.
C. RF Energy
Exploiting far-field RF energy to power an SFIT textile system is perhaps the most obvious solution if one wants to reuse the textile antenna for energy-harvesting purposes. Only a rectifier should be connected to the textile antenna's feed to turn the antenna into a rectenna, which converts incident RF radiation into dc power. However, the limited RF field levels produce very small amounts of harvested RF energy.
According to [37] , GSM900 in Europe, GSM 1800, and WiFi are the most interesting systems to be explored, because of their omnipresence and their frequency ranges resulting in reasonably small antennas. Table 1 depicts the total power density in the downlink band of GSM900 available within a range of 25-100 m from a base station. These data were gathered in the Cooperation in Science and Technology (COST) Action 244 bis ''Biomedical [26] . The power density levels, received from GSM1800 base stations, are up to 100 m in the same order of magnitude as those depicted in Table 1 [27] , whereas power density levels in a wireless local area network (WLAN) are at least one order of magnitude lower than those depicted in Table 1 . These low power level densities demonstrate the need for a large scavenging aperture. Another solution could be introducing an RF source dedicated to RF energy transport. Visser and Vullers [37] point out that no specific regulations are applicable for rectennas. Hence, such systems could operate in the license-free ISM bands. However, national and international restrictions apply on the allowed permitted power levels [37] . Potential health hazards caused by the RF radiation are another important issue to be dealt with. When one transmits in the license-free ISM frequency bands with a power level beneath the national and international transmit power restrictions, the exposure limits stated by the International Commission on Non-Ionizing Radiation Protection (ICNIRP) will not be exceeded if the test person is not too close to a transmit antenna.
Patients in home-care scenarios could exploit the omnipresent RF energy radiated by GSM900, GSM1800, and/or WiFi to power their SFIT system. In [38] , a continuously wearable, battery-free wireless multichannel electrocardiography (ECG) telemetry device was presented, exploiting ultrahigh-frequency (UHF) RF identification (RFID) techniques, that is potentially disposable, low cost, and suitable for integration in a flexible circuit. By exploiting RF energy harvesting, a battery is avoided. Wireless three-and five-channel ECGs are recorded on a human subject within a 1-m range. In addition, a dedicated source could be introduced to provide more power. In [39] , a twohop system for capsule endoscopy inspection was proposed. Transmitters, integrated in the floor, transmit power to a power relay in a patient's jacket, which relays power to a capsule in the patient. Similar scenarios could be used for RF energy transport and harvesting in hospital scenarios, although the implementation may be more difficult or even impossible to realize due to interference with hospital equipment. Rescue workers in critical professional applications could exploit RF energy harvesting as well. However, in certain environments, such as basements, underground car parks, etc., the available RF power will be extremely small.
In literature, fully wearable textile rectennas were reported in [40] and [41] . In [40] , a fully textile dual-band antenna for integration in clothes for operation in the GSM900 and GSM1800 bands was designed and realized. A five-stage Dickson voltage multiplier enables perpetual operation of an IRIS mote by a received RF power larger than À1 dBm. In addition, a TX91501 Powercast RF transmitter was applied as dedicated source. Then, the sensor nodes could be powered up to a distance of 3 m. In [41] , a wearable, triple-band ring antenna was designed to harvest RF energy in the GSM900, GSM1800, and 2.45-GHz WiFi bands. A phone call with a GSM 900 mobile at 1-m distance of the rectenna resulted in a dc voltage of 600 mV during 3 s and an average received RF power of about 80 W [42] . In [43] , the antenna of [41] is equipped with a novel power management platform enabling autonomous operation and battery-less activation for RF energy power levels higher than À15 dBm. In [44] , array configurations were investigated to enhance the RF power harvesting. The rectenna topology indicator (RTI) was introduced for performance comparison.
D. Thermal Body Energy Harvesting
In case of thermal body energy harvesting, the thermal gradient existing between the human body and its environment is exploited. The efficiency, by which the heat generated by the human body can be recovered, is limited by the Carnot efficiency DT=T h [3] , with DT representing the thermal gradient between the human body and the ambient air, and T h corresponding to the highest temperature of both. A body core temperature of 37 C and a room temperature of 18 C lead to a Carnot efficiency of 6.1%, dropping to 2.3% when the room temperature rises to 30 C, which implies a maximum recoverable power of only 2.7-7.3 W in case of normal office work [3] . In a practical application, it is not possible to harvest all of the heat radiated by the body. A harvesting area of 50 Â 50 mm 2 on the human body, taking latent heat of vaporization into account and assuming an even heat dissipation over the body, yields only 2.9-8.1 mW of maximum recoverable power. Leonov and Vullers [28] Fig. 2 , can be used to convert thermal body energy into electrical energy, based on Seebeck's effect [10] - [12] , [15] . It operates as a TEG by placing its hot side to the human skin, whereas the cold side of the TEG is exposed to the ambient air. One TEG is composed of N th thermoelectric couples of n-type and p-type semiconductors, which are connected thermally in parallel and electrically in series to achieve a significant voltage at its terminals [10] - [12] , [17] , [45] . It is preferable to use a flexible TEG as in [11] , [46] , and [47] , since such a TEG can be tightly attached to the human skin. Moreover, this TEG improves wearability compared to a solid TEG. Yet, at this moment, flexible TEGs exhibit a lower performance than solid TEGs. In addition, to the authors' best knowledge, they are still not available on the market. Many examples are reported where thermal body energy harvesting is applied to power wireless healthcare sensor networks. In [48] , a prototype of a battery-free wireless two-channel electroencephalography (EEG) system was presented that is solely powered by a TEG. It could be worn as a headband and produces 2-2.5 mW. Leonov et al. [49] demonstrated the integration of a wireless ECG system in an office-style shirt. Therefore, 17 small TEG modules, with a thickness less than 6.5 mm, were distributed over the T-shirt, harvesting 0.8-1 mW of thermal energy, during sedentary activities, increasing to 3 mW when the user started walking in an indoor environment. In addition, Leonov et al. [50] showed that the textile has an insignificant impact on harvested energy. In [51] , the use of small TEGs was explored to harvest energy from persons that perform intense physical and physiological operations in a short period of time, such as firefighters or first responders. TelosB sensor motes, transmitting temperature data every 250 ms to the base station at a data transmission rate of approximately 250 kb/s, were used to investigate the potential of thermal body energy harvesting. An optimal number of TEGs could extend the autonomy of the sensor node by 2-4 h of operation.
At this moment, however, no TEGs integrated onto textile antennas have been reported in literature. A potential solution could be gluing the cold side of a flexible TEG to a carbon fabric heat spreading layer [50] and using the textile antenna as heat sink, as in [52] .
E. Motion/Vibration Energy
According to [24] , kinetic energy is generally the most versatile and ubiquitous ambient energy source. Kinetic energy is available as vibration and motion energy, whereby the latter is the most important usable form in an SFIT system. Motion-driven generators are used to convert motion energy into electric energy. They can be categorized in directforce generators or inertial generators, of which the inertial generator provides more flexibility and allows a higher degree of miniaturization [24] . Both categories require a suitable electromechanical transducer in order to generate electrical power. Electromagnetic, electrostatic, and piezoelectric conversion are the main transduction techniques.
A comprehensive review of this energy-harvesting technique can be found in [24] , including a comparison table for the effectiveness of published electromagnetic, electrostatic, and piezoelectric motion harvesters. As Mitcheson et al. [24] point out that power density reduces with device size and is strongly dependent on frequency, it is a serious challenge to design a miniature device, able to harvest useful power levels from low-frequency human movements.
In addition, the need of a direct applied force in case of a direct-force generator makes it almost impossible to integrate such a generator onto the textile antenna of the SFIT system. To the authors' best knowledge, no such systems have been reported in literature. However, Mitcheson et al. [24] mention that 78 mW could be harvested from the expansion of the chest, originating from breathing, by means of piezoelectric materials. The emergence of off-the-shelf piezoelectric generators (e.g., by Advanced Cerametrics (Lambertville, NJ, USA) [53] ) using fiber composite materials for integration into clothing marks an important step for SFIT systems. Such a generator could potentially be integrated onto a textile antenna placed on the chest of the wearer. In [54] , a single piezoelectric transducer was used to power a strain sensor, for application in structural and human health monitoring. Orecchini et al. [6] have integrated a piezoelectric pushbutton in a shoe in order to scavenge energy from the heel strike and to power an active RFID tag. In [55] , an RF beacon was powered by means of a solar cell and a piezoelectric generator, to enhance the duty cycle from 2% (only piezoelectric generator) to 11% (hybrid energy harvesting). The need of movement in case of inertial generators makes them hard to integrate onto the textile antenna. Again, to the authors' best knowledge, no such systems have been reported in literature. However, since Mitcheson [56] has proposed several forms of vibrationdriven microelectromechanical system (MEMS) microgenerators that exploit human body motion to produce power, some new opportunities have arisen. Several of these MEMS microgenerators could potentially be integrated onto the textile antenna which is placed on a moving part of the wearer, e.g., an arm, a leg, etc.
III. ANTENNA AS INTEGRATION PLATFORM
First, a textile antenna topology must be selected that exhibits high and stable radiation efficiency, both in proximity of the human body and in the presence of the energy harvesting and power management hardware. Indeed, the wireless communication module is the major power consumer in a WBAN [57] . A carefully designed textile antenna greatly improves the energy efficiency of the wireless communication system [20] .
As adduced in Section II, the large surface required by the textile antenna may be reused as energy-harvesting and power management platform to extend the autonomy of the SFIT, in the meantime maintaining flexibility, wearability, and compactness. In this section, we describe different antenna topologies that facilitate easy integration of these additional hardware components, and outline the measures that should be taken to ensure that their integration does not affect the antenna performance.
A. Planar Inverted-F Antenna (PIFA) With Aperture-Coupled Feeding Fig. 3 shows an aperture-coupled shorted wearable solar patch antenna for communication in the 902-928-MHz UHF band. By adopting the PIFA topology, a more compact antenna can be achieved compared to conventional =2 patch antennas. This topology allows the necessary connections to be routed from the antenna patch to the antenna feed plane along the PIFA's shorting wall without affecting the antenna radiation performance. In addition, the antenna patch provides sufficient space to deploy solar cells. This makes the proposed antenna very suitable for solar energy harvesting. An effective integration of two solar cells is demonstrated in Fig. 3 .
Only the positive connection needs to be routed since the solar cells' cathode can be directly connected to the antenna patch, acting as a dc ground. The choice for aperture-coupled feed leads to a more robust and flexible design, by eliminating the physical feed connection between antenna patch and feed plane. In addition, this feeding technique enables a very compact integration of additional circuitry on the antenna feed plane, by reusing the antenna's ground plane and feed substrate as ground plane and substrate for the integrated active circuitry, respectively [21] . The large ground plane avoids the absorption of antenna radiation by the human body and minimizes the coupling between antenna radiation and contingent integrated electronic hardware.
A flexible polyurethane protective foam, used in professional garments, with a permittivity " r ¼ 1:15, a loss tangent tan ¼ 0:010, and a thickness h 1 ¼ 11 mm is adopted as antenna substrate. The feed substrate consists of two aramid textile layers, resulting in a total thickness h 2 ¼ 0.95 mm, " r ¼ 1:97, and tan ¼ 0:020. The antenna patch, shorting wall, and ground plane are constructed using Flectron from LessEMF, a copper-plated nylon fabric, with a surface resistivity R s ¼ 0.10 /sq, whereas the microstrip feed line is made out of copper foil. All layers are glued together with thermal adhesive sheets.
Measurements have shown that the integration of the flexible solar cells only has a minor influence on radiation pattern and reflection coefficients [7] . Placing the proposed solar antenna onto the chest of a test person results in an increased bandwidth (64 MHz instead of 48 MHz) and a reduced gain along broadside (1.6 dBi instead of 3 dBi). This is caused by additional losses due to the proximity of the human body.
B. Substrate Integrated Waveguide Cavity-Backed Slot Antenna Fig. 4 depicts an SIW cavity-backed slot antenna with integrated solar harvester, for communication in the [58] without the need for a large ground plane. In addition, this topology exhibits a very high isolation from its surroundings [59] , making it both suitable for body-worn applications and an ideal platform for integration of electronic hardware. SIW technology was adopted to achieve a simple low-profile and cost-effective single substrate realization by means of tube eyelets, enabling an easy routing of necessary connections from the antenna slot plane to the antenna feed plane without affecting the antenna performance.
The antenna provides sufficient space on its slot plane to deploy multiple solar cells, whereas an electronic circuit may be easily positioned on the feed plane surface. By integrating the electronic circuitry at the backside of the antenna, radiation is prevented from coupling to the circuitry. In particular, the textile antenna features an integrated flexible solar harvesting system, consisting of an a-Si:H flexible solar cell, a flexible power management system, and an MEC. Again, only the anode of the solar cell has to be connected via a wire to the power management system, since the antenna cavity acts as dc ground.
A 3.94-mm-thick closed-cell expanded-rubber protective foam, typically applied in firefighter suits, with " r ¼ 1:495 and tan ¼ 0:016, is adopted as antenna substrate. The slot and feed layer is constructed out of pure coppercoated polyester Taffeta fabric, characterized by a surface resistivity R s ¼ 0.18 /sq. After patterning both conductive fabric layers according to the design layout, both layers are laminated to the substrate by means of thermally activated adhesive sheets, in the meantime judiciously maintaining accurate alignment of all layers. The textile antenna cavity is formed by four rows of equally spaced flat-flange copper-tube eyelets, which are fixed in the antenna substrate at the correct locations by means of a manual eyelet press. This fabrication method ensures a good contact between feed and slot layers and preserves flexibility of the antenna topology. In an industrial mass production process, a fully automatic eyelet machine, or even a computer numerically controlled (CNC) eyelet setting machine, could be used to produce large quantities at a lower price. Flexibility of the power management system is achieved by implementing the circuit on a flexible substrate, consisting of one ultrathin polyimide layer and two copper layers with a total thickness of only 43 m. In addition, only small electronic components are used. They are distributed over a larger area than necessary to maintain flexibility [22] . Furthermore, a nonconductive stretchable adhesive sheet was used to fix the solar cell to the slot plane, leaving the slot uncovered. A similar sheet was used to attach the power management system and MEC to the feed plane without covering the feed line, as shown in Fig. 4 .
Measurements have demonstrated that the integration of the power management system, MEC and flexible solar cell does not have a significant influence on radiation pattern and reflection coefficients [22] . In addition, when deploying the proposed system on the chest of a user, the antenna performance is less affected compared to the antenna in Section III-A. ] with a radius of 5 cm, proving that such a structure can be easily bent, provided that earlier guidelines are followed. Lemey et al. [22] show that the antenna remains matched over the desired frequency ranges when the antenna is bent as depicted in Fig. 5 , demonstrating its robustness and capability to be deployed on the human arm.
C. Rectenna Design
The presence of the nonlinear rectifier circuit in a rectenna requires harmonic-balance/electromagnetic cosimulation, to predict the harvested power levels in practical operating conditions, and full-wave/circuit co-optimization during the design phase [42] , [60] . In addition, a broad radiation pattern and circular polarization are of paramount importance as the position of the RF source(s) is (are) unknown. Circular polarization can be implemented by an appropriate single feed [61] . However, Dierck et al. [21] favor a two-port excitation to realize circular polarization, jointly optimizing port matching and decoupling to maximize antenna efficiency. Finally, multiband or ultrawideband antenna operation is recommended to maximize the harvestable energy.
In [41] , a triple-band ring rectenna was designed to enable RF energy harvesting in the GSM900, GSM1800, and 2.45-GHz ISM bands. Triple-band circular polarization is obtained by the excitation of couples of orthogonal TM11, TM21, and TM12 resonant modes on a slotted annular-ring antenna patch, by two H-shaped orthogonal slots in the ground plane. The slots inject electromagnetic energy from two feed lines fed by a compact, broadband divider, guaranteeing a 90 phase shift over the bands of interest. The aperture feeding technique leverages easy integration of the rectifier, matching network and broadband phase shifter/divider at the backside of the antenna. In addition, a power management system and energy storage could be integrated. However, the presented antenna topology is not suited for solar cell integration because of the multiple slots in the antenna patch, significantly reducing the useful surface area. Moreover, the antenna topology does not offer any possibility to connect the solar cell terminals to the potential power management system, without affecting the antenna performance.
A 4-mm-thick fabric pile (permittivity " r ¼ 1:23) forms the antenna substrate. For the antenna patch and ground plane, Global EMC UK Ltd.'s (Nottinghamshire, U.K.) shielding fabric (R s ¼ 0.02 /sq) is chosen. Kapton, with " r ¼ 3:4 and tan ¼ 0:002, is adopted for the 0.1-mmthick feeding circuit substrate. Its size is limited to the area required for the feeding network. Thermoadhesive sheets were used to bond each dielectric-conductive fabric interface, whereas conductive biadhesive is used to join the Kapton ground plane and the antenna ground plane. Furthermore, zero interaction with the test person's body is guaranteed by an additional conductive fabric layer, connected to the Kapton ground plane, at the bottom of the multilayer structure.
IV. SYSTEM ARCHITECTURE A. Overview
To demonstrate the versatility of SIW cavity-backed slot antennas for integrating energy-harvesting and power management hardware, we select the wearable textile SIW cavity-backed slot antenna presented in [62] as a platform for our highly integrated flexible hybrid energy-harvesting textile antenna system. This wearable textile antenna, depicted in Fig. 6 , was proposed for use in the 2.45-GHz ISM band. The surface, required by the antenna for efficient wireless communications, is then reused as the energyharvesting and power management platform, by integrating a flexible power management module and suitable energy harvesters onto the textile antenna. An overview of the proposed system is depicted in Fig. 6 . The power management module enables energy harvesting from light and thermal body energy, which may be considered the most reliable sources, following [15] . More specifically, the power management implements three different actuation techniques to enable energy harvesting from:
natural solar light via solar cell 2, connected to the linear harvesting input (LHI); artificial light via solar cell 1, connected to the boost converter input (BCI); the user's body heat via a TEG, connected to the low power system (LPS), implementing a lowvoltage step-up converter.
The power management module combines the energy harvested from these three energy sources to charge an MEC and to provide a regulated output voltage. The combination of energy scavenged from diverse sources leverages a higher total scavenged power and reduces time, during which no energy can be scavenged. The most important dimensions of the proposed system are depicted in Fig. 6 . More detailed dimensions of the antenna can be found in [62] . Copper tape is applied to connect the ground of the power management module and the solar cells to the antenna cavity, which acts as dc ground.
As illustrated in Fig. 6 , all functional building blocks other than the TEG are integrated onto the wearable antenna, yielding a very high level of integration while maintaining a compact overall system. The TEG was not integrated onto the antenna since the optimal on-body position of a TEG for maximum energy recovery does not always correspond to the ideal location for the antenna. In addition, this approach yields a high degree of freedom. For example, multiple TEGs, potentially stacked [12] , may be used, or a heat sink may be added to increase the efficiency of the thermoelectric energy scavenging [12] , [63] . Hence, even when it is not possible to integrate the EH transducer onto the antenna, the antenna can be reused for the integration of necessary power conditioning and management hardware.
In this paper, an off-the-shelf TEG was chosen that is able to activate the LPS when placed onto the arm of a static wearer, in a room at a temperature of 18.9 C, without using a heat sink or stacking. In [10] , a smaller TEG is applied at the expense of a large heat sink. Fig. 7 illustrates a typical layout of our system. A TEG is placed on the human arm and the antenna, with integrated power management module and solar cells, is positioned on the front [ Fig. 7(a) ] and/or on the back [ Fig. 7(b) ] of the torso.
B. Power Management Module
The complete power management module depicted in Fig. 6 consists of three essential functional blocks. The CPMS controls the two main functions of the energyharvesting system, being the charging process of an MEC and the generation of a regulated output voltage. In addition, it also protects the MEC against overcharge and overdischarge. Second, the LPS upconverts the low voltages supplied by the TEG to a voltage level that is high enough for the CPMS to charge the MEC. Finally, a Thinergy MEC-225 [64] stores the harvested energy. These cells are ultrathin and combine the best properties of supercaps and batteries. The MEC stores and buffers the discontinuous flow of energy harvested by the TEG and the two solar cells. A uniform flow of energy is provided by the regulated output voltage pins. It can be used to adequately power a wireless communication module. Fig. 8 shows a schematic representation of the CPMS. It is designed to charge an MEC from two high-voltage dc sources by means of linear harvesting and one low-voltage dc source via a boost converter. As in [22] , the core of the CPMS is the MAX17710, an energy-harvesting charger and protector IC from Maxim Integrated (San Jose, CA, USA) [65] . In this work, solar cell 2 is connected to one of the LHIs, whereas solar cell 1 is connected to the BCI of the CPMS, to enable energy harvesting in low light intensity situations. Hence, in indoor environments, only solar cell 1 is able to scavenge energy. However, in outdoor situations, both solar cells charge the MEC, increasing the harvestable 
1) Central Power Management System (CPMS):
energy. The output of the LPS with one TEG connected is used as the other high-voltage source.
To achieve the highest possible efficiency, charging energy is transferred directly from the CHG pin to the MEC, whenever the voltage at the CHG pin exceeds the cell voltage. However, the MAX17710 limits the charge voltage by means of an internal linear regulator to prevent overcharging of the MEC. In addition, the voltage at the CHG pin is also limited by an internal shunt protection. Diodes D 1 and D 2 block reverse currents between the two highvoltage sources. If a solar module is connected to a highvoltage input, as in this paper, the series diodes also prevent the solar cell from draining the MEC in the absence of light. A Schottky diode with a very low leakage current was chosen to minimize the voltage drop and the leakage current from one source to the other. Charging the MEC from a low-voltage dc source is implemented by means of a boost regulator controller, which is only enabled when the source, connected to the BCI, provides more power than the boost converter consumes for operation. This is guaranteed by a proper selection of the harvest-source capacitor C 2 . C 1 ¼ 0.22 F, C 2 ¼ 47 F, and L ¼ 1.5 H are dimensioned based on [65] , in order to yield the highest possible efficiency for the IC to charge the MEC, making use of both high-and lowvoltage sources while maintaining good shunt stability.
By leaving SEL1 disconnected, the IC is configured to maintain the voltage on the REG pin at 3.3 V, by means of an internal low-dropout (LDO) linear regulator. The LDO supports two modes of operation based on the load on the REG pin and is configured by the control signals depicted in Fig. 8 . Push buttons are used to generate the appropriate control signals. However, in practical applications, these control signals will be generated by a microcontroller, sensors, etc. The low-current mode should be selected if the load is rather low, since it reduces the quiescent current drain from the MEC compared to the high-current mode. An internal undervoltage-lockout (UVLO) circuit provides overdischarge protection in both modes. An internal load switch block at the protected output of pack (PCKP) and a properly selected capacitor C 3 ¼ 10 F allows the circuit to support a much higher pulsed load, such as during startup, than supported by a standalone MEC in the same conditions.
2) Low Power System (LPS): The LPS, shown in Fig. 9 , is designed based on the LTC3108, an ultralow voltage stepup converter and power management IC from Linear Technology (Milpitas, CA, USA) [66] . This IC was also used in [67] for the purpose of thermal body energy harvesting. In this work, the power managing functionalities and the ability to power a microcontroller are unused, since these are already provided by the CPMS. Yet, the IC was chosen because of his low startup voltage and high conversion efficiency as step-up converter.
An internal depletion mode N-channel metal-oxidesemiconductor field-effect transistor (MOSFET) and an external step-up transformer T with a transformer ratio of 1 : 100 forms a resonant oscillator at a fixed resonance frequency, leveraging operation by ultralow input voltages. This is the most attractive solution for harvesting body heat, compared to modulating the duty cycle to implement MPPT [67] . To be able to charge the MEC in the absence of light, relying on a single TEG placed on the arm of a static wearer without heat sink, the startup voltage is minimized by choosing the highest possible transformer ratio and an appropriate decoupling capacitor C 1 , to minimize the input ripple. Low-cost and low-leakage capacitors and a bleeder resistor R ¼ 499 k, in parallel with C 3 , to prevent squegging, complete the design [66] . The regulated output voltage VOUT is set to 5 V, by connecting VS 1 and VS 2 to VAUX.
The ac voltage produced on the secondary winding of the external step-up transformer T (Fig. 9 ) feeds the internal charge pump and rectifier circuit to charge C 4 and hence power the active circuits within the LTC3180 IC via the VAUX pin. If VAUX exceeds 2 V, the LTC3108 improves the conversion efficiency by using synchronous rectifiers in parallel with each of its internal diodes. Once VAUX exceeds 2.5 V, C 5 is charged until the programmed 5 V is reached.
V. INTEGRATION ON THE SIW CAVITY-BACKED SLOT ANTENNA A. Solar Cell Integration
A first step toward a high level of integration, in the meantime maintaining flexibility, consists of gluing two flexible solar cells on top of the antenna by means of stretchable nonconductive adhesive sheets, as illustrated in smaller than the wavelength at the frequency of operation, the integrated solar cells have a negligible influence on the antenna performance [7] . The antenna provides a useful area of 16 027 mm 2 for solar cell integration, of which 15% (being 64 Â 37 mm 2 ) and 19% (being 84 Â 37 mm 2 ) are effectively used for accommodating solar cell 1 [68] and solar cell 2 [69] , respectively (Fig. 6) . The effective aperture of solar cell 1 and solar cell 2 are 50 Â 37 mm 2 (12%) and 70 Â 37 mm 2 (16%), respectively. To prevent havoc of the MAX17710 IC when exposing the module to direct sunlight, it was necessary to choose a smaller solar cell with a lower open circuit voltage for solar cell 1. Since the transverse electric field across the slot is responsible for the antenna radiation [58] , pieces of the solar cell were cut out of the solar cells and the solar cells were placed in such a position that the radiating slot remains uncovered, still yielding an effective solar cell area of 4260 mm 2 (or 27% of the available area). The positive polarity dc connection of each solar cell is routed through the eyelets that form the cavity (Fig. 6) , to avoid that the wires influence the radiation characteristics of the antenna. The negative polarity dc connection of each solar cell is connected with copper tape to the antenna cavity, acting as dc ground.
B. Integration of the Power Management Module
To maintain flexibility while maintaining a high level of integration and minimizing coupling between antenna radiation and the circuitry, the CPMS and the LPS were integrated directly underneath the SIW cavity-backed slot antenna and are depicted in Fig. 10 . Both circuits were implemented on an etched Upisel BE1410 foil, being a flexible substrate consisting of one layer of polyimide with a thickness of 25 m and two copper layers with a thickness of 9 m, allowing a full copper ground plane at the backside of each circuit. Stretchable nonconductive adhesive sheets were used to fix both circuits to the wearable antenna, as depicted in Fig. 10 , letting the feed line of the antenna uncovered. As in [22] , only small electronic components are used. They are distributed over a larger area than necessary to maintain flexibility of the design. The wearable antenna, shown in Figs. 6 and 10, is realized by applying pure copper polyester Tafetta with surface resistivity R s ¼ 0.18 /sq at 2.45 GHz, as top and bottom layers and using a protective foam, typically found in firefighter suits, as a substrate. The dielectric permittivity and loss tangent of the foam were measured to be " r ¼ 1:575 and tan ¼ 0:0238, at 2.45 GHz [7] . Then, the procedure, as described in detail in Section III-B, was used to fabricate the textile antenna. The CPMS and the LPS depicted in Fig. 10 , with external dimensions W 2 Â L 2 and W 4 Â L 4 , respectively, are equipped with additional test pins and push buttons for measurement purposes. In a real-life application, only the part of both systems without additional test pins and push buttons with dimensions W 1 Â L 1 and W 3 Â L 3 should be integrated. Moreover, in a future design, the backside of the antenna cavity could potentially be reused as GND for both LPS and CPMS, and unnecessary parts of the polyimide film, used as a substrate for LPS and CPMS, could be removed by a laser to obtain an even more flexible and breathable overall design. The signals generated by the buttons can be produced by, for example, a microprocessor or event detector. The MEC is integrated below the SIW cavity-backed slot antenna. It is 170 m thick and positioned on an eyelet, but separated by a nonconductive layer. Hence, flexibility of the overall system is maintained.
VI. THERMOELECTRIC GENERATOR: MODELING AND SELECTION PROCEDURE
In [4] , it was shown that choosing a TEG with the highest product of V max I max , with I max the input current producing the maximum possible DT across the Peltier module and V max the dc voltage delivering the maximum DT at the supplied I max , generally provides the highest output power. Yet, this does not yield any information about the expected output voltage. Instead, in this paper, the combined thermal and electrical equivalent circuit of a TEG, depicted in Fig. 2 , is used to predict the thermal body energy that can be harvested by a specific TEG. This allows selecting the most appropriate off-the-shelf TEG for given specifications.
The combined electrical and thermal equivalent circuit of a TEG, depicted in Fig. 2 , is a combination of the models proposed in [12] and [45] . The system model proposed in [12] assumes that the human body and the environment are operating as sources with a constant temperature, independent from the TEG. The thermal resistance R th;b ½KW À1 represents the thermal conduction through the skin and human tissue between the body core, at a temperature of 37 C and the hot side of the TEG. R th;a ½KW À1 represents the radiation and natural convection of the cold side with 
with w and l representing the width and length of the TEG, respectively. The values of h a and h b , used in this work, are shown in Table 2 . These values are within the ranges proposed in [12] and are determined by relying on measurements. We keep all these assumptions but base our model of the TEG on [45] , as in [10] . Lineykin and Ben-Yaakov [45] propose a PSPICE-compatible equivalent circuit of a thermoelectric cooler (TEC). This equivalent circuit of the TEG is preferred over the equivalent circuit presented in [12] , as it describes four out of five energy-conversion processes that take place in a Peltier module, whereas Lossec et al. [12] only account for the Seebeck effect and the heat conduction through all of the N th thermocouples, modeled by the thermal resistance R th;m ½KW À1 . The model adopted here also includes Joule heating, Peltier cooling, and Peltier heating of the TEG by means of the heat flows Q j ½W, Q pa ½W, and Q pe ½W, respectively. As for the electric circuit equivalent, the Seebeck effect gives rise to an open circuit voltage V oc ¼ ðT h À T c Þ, proportional to the difference in temperature between the TEG's hot side T h and its cold side T c , with ½VK À1 being the Seebeck coefficient of all N th thermocouples. The electrical resistance of the N th thermocouples is represented by R G .
Most of the manufacturers of thermoelectric modules do not provide the parameters needed for the SPICE model of the module. However, they do almost always specify I max , V max and the largest achievable temperature difference DT max across a thermoelectric module for a given temperature T h at the hot side. In [45] , a methodology for extracting the parameters of the PSPICE-model from the TEC's datasheet is presented
First, when selecting an appropriate TEG for a specific application, one should start by looking for TEGs with a semiconductor material that offers the best dimensionless figure of merit Z T, with T ¼ ðT h þ T c Þ=2 denoting the average temperature encountered in the application. The efficiency of a TEG is optimal when Z T is maximized under the constraint that the ratio of the load resistance R L to the internal resistance R G is equal to
. In the vicinity of 300 K, bismuth telluride (Bi 2 Te 3 ) offers the best dimensionless figure of merit and has therefore been used in different human heat energy-harvesting applications in this temperature range [11] , [12] , [46] . Next, we calculate the different parameters pertaining to the model presented in Fig. 2 , for a selection of off-theshelf Bi 2 Te 3 TEGs. Based on (1)-(5), we perform SPICE simulations to estimate the power, provided by the TEG when connected to the LPS, assuming a certain body and ambient air temperature. In this case, we rely on typical temperature values (Table 2) for body-heat-harvesting applications [12] .
Let us compare two TEGs, being the UT15,288,F2,5252 [70] (TEG1) and the UT6,24,F1,5555 [71] (TEG2) by Laird Technologies (Monchengladbach, Germany), whose specifications and calculated V max I max products are given in Table 3 . According to [4] , the UT15,288,F2,5252 by Laird Technologies should be chosen, since it has the largest V max I max product of the considered TEGs. However, the simulations, based on the model depicted in Fig. 2 , favor the UT6,24,F1,5555 by Laird Technologies, which has a rather moderate V max I max product. Table 4 depicts the calculated and simulated parameters of the two modules, based on the proposed model. The input voltage V in ¼ V out;TEG and current I in ¼ ÀI out;TEG of the LPS in the penultimate row of Table 4 and, hence, the power generated by the TEG in the last row of Table 4 are calculated by means of a SPICE simulation. Therefore, we load both TEGs by a fixed resistor of 2.5 to emulate the input impedance of the LPS. In reality, the input impedance of the LPS varies with input voltage. The resulting error is not very critical at this stage of the design process, as the procedure is only applied to differentiate between the different TEGs. Table 4 already clearly demonstrates that TEG2 outperforms TEG1. Our proposed methodology is used here to select an offthe-shelf TEG that is capable of charging the MEC via the designed LPS, without using a heat sink or a stack of TEGs, in order to minimize the form factor of the system and hence increasing the user's comfort. However, when flexible TEGs are available, the combined model in Fig. 2 cannot only be used to select the most appropriate flexible TEG for a specific real-life application, but also to simulate, for instance, the influence of using a carbon fabric heat spreading layer as in [50] and using a fabric heat sink (or reusing the conductive fabric parts of a textile antenna as heat sink, analogous to [52] ).
VII. RESULTS AND DISCUSSION

A. Influence of Integration on the Antenna Performance
The excellent performance of the antenna in proximity of the human body and under bending was already demonstrated in [62] . In this section, the reflection coefficients and radiation pattern in the E-and H-plane of the antenna are measured: first, before integration of any energy-scavenging hardware, then, after solar cell integration and, finally, after circuitry integration. This approach allows us to verify the influence of the integration of the energy-scavenging hardware on antenna performance. The results are depicted in Figs. 11 and 12 , respectively. In case of solar cell integration, both wires for connecting the anodes of the solar cells to the power management module were included in the measurement, as well as the copper tape for connecting both solar cells' cathodes to the antenna cavity. After integrating the circuitry and MEC, the required connections, as depicted in Fig. 10 , were made and included in the measurement. The radiation patterns were measured in an anechoic chamber by means of an orbit/FR 3-D positioning system and the N5242A PNA-X vector network analyzer from Agilent Technologies (Santa Clara, CA, USA). The measured bandwidth of the SIW textile slot antenna without any solar cells or hardware integrated is 330 MHz. Fig. 11 shows a slightly larger bandwidth for the antenna with integrated energy-harvesting hardware, because of the additional losses due to presence of the power management module on the back of the textile slot antenna. The presence of only the solar cells does not affect the measured reflection coefficients much. Fig. 12(a) and (b) depicts the free space gain of the antenna at 2450 MHz in the E-and H-plane. The integration of the energyharvesting hardware has a minimal influence on the radiation pattern of the antenna. A maximum gain in broadside of about 1.3 dBi is measured.
B. Influence of Integration on Solar Cell DC Properties
A solar simulator with an illumination of 100 mW/cm 2 , corresponding to sunlight directly overhead and a turbidity-free sky, was used to obtain the dc P-V characteristic from both solar cells before and after patterning the solar cell surface to fit the antenna slot contours. These dc P-V characteristics are depicted in Fig. 13 . The modified solar cells produce a slightly lower power compared to the original ones due to the smaller effective solar cell area and a decreased shunt resistance. By removing parts of the solar cell to accommodate for the antenna slot, the maximum power delivered by solar cell 1 and solar cell 2 decreases from 56.9 to 52 mW and from 78.6 down to 68.9 mW, respectively. However, the reduced performance from solar cell 1 is negligible in indoor situations, since it will never be loaded in its maximum power point, but rather operates in lower power regions where the performance reduction is less significant. Since solar cell 2 is connected in series to a blocking diode, exhibiting a forward voltage of 400 mV, the maximum deliverable power by solar cell 2 decreases further to 62 mW. Moreover, in a practical application, the power output will be lower than in ideal test conditions, as there will be less sunlight available in actual conditions. 
C. Performance of the Energy-Harvesting and Power Management Module
1) CPMS:
On the one hand, measurements have shown that the CPMS is capable of charging the MEC from lowvoltage sources that are able to produce at least 1.2 W. However, first, the low-voltage dc source should be able to charge C 2 (Fig. 8) to a voltage level of 760 mV to activate the boost regulator of the CPMS. The boost circuit quits operating when the harvesting source is not capable of guaranteeing a voltage across C 2 ( Fig. 8) higher than 354 mV. On the other hand, the CPMS is also able to charge the MEC from a high-voltage source, provided that the high-voltage source is able to deliver a higher voltage than the MEC. When charging from only one high-voltage source, that source should be able to deliver at least 4.1 V to activate the LDO. The LDO supports two modes of operation, based on the load connected to the REG pin of the CPMS. Measurements have shown a stable output voltage of 3.3 V up to 31-mA continuous load current in high-current mode, whereas in low-current mode, a stable output voltage is guaranteed up to at least 100-A continuous load current. With only one MEC225-1P connected to the CPMS, a continuous load current in high-current mode can only be guaranteed if a high-voltage source is connected to the CPMS, delivering the difference in current between the load current and the current delivered by the MEC225-1P. By connecting multiple MECs, higher surge and continuous currents can be supported by the regulated output, even without a high-voltage source connected. A continuous load current up to 100 A in lowcurrent mode can be guaranteed without any source connected to the CPMS, on the condition that the MEC is sufficiently charged.
2) LPS:
The measured input resistance of the LPS, as seen by the TEG, is depicted in Fig. 14 , as a function of input voltage. Since measurements show that the LPS requires a minimum input voltage of 24.8 mV to charge C 5 to 5 V, we consider a range of input voltages from 25 to 500 mV. Up to 100 mV, an input resistance is observed that decreases with increasing input voltage. Beyond 100 mV, a quasi-constant input resistance of 2.5 is found. Such behavior allows the LPS to adapt reasonably well to different off-the-shelf TEGs [4] , hence also to both selected TEGs having an electrical resistance of 1.8 and 3.73 , respectively. Another voltage-dependent input resistance can be achieved by choosing another transformer ratio Fig. 15 shows that as the input voltage increases, the point where the output voltage starts to deviate from 5 V shifts to a lower load resistance. Hence, a higher input voltage permits a higher load at the output. A maximum achievable efficiency of over 40% can be observed in Fig. 16 . Moreover, Fig. 16 shows that the maximum achievable efficiency is higher in the lower input voltage range and is reached in the load resistance region where the output voltage starts to deviate from the programmed 5 V. In general, a higher load resistance than the optimal resistance implies that more power is generated than required by the load. The excess current is then shunted to GND by an internal shunt regulator, hence decreasing the efficiency. A lower load resistance implies that more power is required by the load than generated by the source. As a result, the output voltage drops while the input power remains constant because of a constant input voltage and current, hence the decreasing efficiency. Measurements have shown that, when the LPS is connected to the CPMS (as in Fig. 6 ) and the MEC is charging, the output of the LPS is forced to voltages between 3.0 and 4.15 V, depending on the charge state of the MEC. Hence, during the charging process of the MEC, the LPS will experience a load resistance in the interval 100-192 k for V in ¼ 30 mV, 25-44 k for V in ¼ 50 mV, 10-16 k for V in ¼ 100 mV, and 4.4-6.9 k for V in ¼ 250 mV. Comparing these load resistance regions with Fig. 16 proves that, during the charging process of the MEC, the LPS operates in the regions where a maximum efficiency is obtained, resulting in efficiencies in the interval 38%-41% for V in ¼ 30 mV, 40%-41% for V in ¼ 50 mV, 24%-26% for V in ¼ 100 mV, and 9%-10% for V in ¼ 250 mV. Once the MEC is fully charged, the output voltage of the LPS increases to 5 V and the excess current is shunted to GND by an internal regulator. However, such a scenario will not occur frequently in a well-designed SFIT system, in which the MEC is never fully charged because of a well-adapted energy-harvesting and consumption profile.
D. Performance of the TEGs
Figs. 17 and 18 prove that the TEG with the highest V max I max product only should be selected when a constant thermal gradient across the TEG can be guaranteed, regardless of the chosen TEG. In that case, the TEG with the highest product of V max I max will have the highest output power for the same thermal gradient. This is demonstrated in Fig. 17 , where the two selected TEGs are loaded by a variable resistance and the power delivered to the load as a function of the load resistance is shown. During measurements, a constant thermal gradient across the TEG of 1 K is maintained by placing the TEGs on a hot plate and cooling the cold side. An optimal power transfer is reached for a matched condition between the load resistor and the TEG's electrical resistance [4] , [10] , [12] . 18 also shows the power delivered to a variable load resistance for both TEGs. The hot side of the TEG is now in direct contact with the hot plate at skin temperature (33 C) and the cold side of the TEG is exposed to the ambient air of 18.9 C, emulating a TEG placed on a human arm as in Fig. 7 . Fig. 18 shows that the TEG selected by our proposed combined model outperforms the TEG that should be selected if one uses the V max I max product as a selection criterion. This is due to the presence of the product of V max I max in the denominator of (5), resulting in a lower net thermal gradient across the TEG for a given overall temperature difference and given size of the TEG, as shown in Table 4 . Fig. 18 also shows that, for maximum power transfer, the load resistance differs from the source resistance, in contrast to [4] , [10] , and [12] . This is due to a varying open circuit voltage (Fig. 2) caused by a varying net thermal gradient across the TEG. The latter effect is attributed to the Peltier and Joule effect, which are different for each load resistance, as each load resistance results in a different current. Fig. 18 demonstrates the potential to recover more power than obtained in Table 4 by loading the TEG with the optimal impedance. The optimal load impedance for TEG1 and TEG2 equals 3.2 and 6.9 , respectively. Fig. 14 shows the ability of the LPS to provide these input resistances. Fig. 19 shows the open circuit voltage for both TEGs, as a function of the ambient air temperature. For this measurement, the TEGs were positioned on an arm, with the TEG making direct contact with the human skin. Again, we note that the second TEG outperforms the first TEG. For a decreasing ambient temperature, the open circuit output voltage increases. The measurements in Figs. 17-19 are obtained while the thermoelectric module remains stationary. Yet, in a practical application, the wearer of the thermoelectric module will move. In that case, Lossec et al. [12] have shown qualitatively that the open circuit output voltage will increase as a result of a decreased convective resistance R th;a .
Nevertheless, the difference in temperature between the hot source and the cold source remains small, resulting in an even lower thermal gradient across the TEG because of its small R th;m with respect to the sum of R th;a and R th;b , and, hence, leading to a low output voltage. In this respect, there is definitely room for future improvement. Indeed, to further maximize the harvested energy by the TEG, the TEG should also be thermally matched. This means that R th;m should equal the other thermal resistances along the path of heat flow from body core to the ambient air, or equivalently that, R th;m ¼ R th;a þ R th;b [63] (Fig. 2) . However, Table 4 clearly demonstrates that the sum of R th;a and R th;b is much larger than R th;m . However, it should be stressed that, in this paper, we focused on selecting a single standalone, commercially available TEG that is capable of charging the MEC via the designed LPS. The small thermal Lemey et al.: Textile Antennas as Hybrid Energy-Harvesting Platforms gradient across the TEG, and, hence, the corresponding low output voltage, highlights the importance of using the LPS to efficiently convert the low-power source into a high-voltage source, which can then be connected to the CPMS. In the short term, an increased harvested energy could be obtained by stacking multiple of such rigid off-the-shelf TEGs to increase R th;m , as demonstrated in [12] , or by using a rigid heat sink. In that case, R th;a (Fig. 2) represents the thermal resistance of the heat sink. By selecting an appropriate heat sink, R th;a can be reduced, resulting in a higher thermal gradient across the TEG. However, both solutions lead to larger aspect ratios, which are not suitable for body-worn applications. Therefore, future research, carried out to achieve thermal matching in body-worn scenarios, needs to be oriented toward a total solution, which consists of exploiting flexible and breathable TEGs covering a large surface of the human skin (reducing R th;b ) and using well-designed textile antennas (or other conductive fabric components) as heat sinks to reduce R th;a . For instance, in [52] , R th;a was decreased to values between 6 and 8 KW À1 , by using a rigid copper antenna as heat sink. But first, flexible TEGs should be further optimized to obtain higher conversion efficiencies. However, to date, TEGs based on flexible thermoelectric materials, such as organic semiconductors, are still impractical because of their low intrinsic electric carrier mobility [72] . Another approach, involving a flexible matrix with embedded discrete miniature thermoelectric chips, suffers from too much weight and a complex and expensive fabrication method [73] . From this point of view, Yadav et al. [73] propose a very promising design based on thin film thermoelectric junctions on flexible fibers, which could be woven into energy-harvesting fabrics and worn by the user. At this moment, Ni-Ag thin films are used, resulting in a maximum power of only 2 nW for seven couples at a DT ¼ 6.6 K. However, Yadav et al. [73] also state that evaporating thicker semiconductor films onto hollow, low thermal conductivity substrates offers an excellent opportunity to further improve thermal energy harvesting. Then, bismuth telluride could be used as thermoelectric material instead of Ni-Ag, since it still outperforms any other thermoelectric material in body-worn scenarios to this moment. However, Lossec et al. [12] propose to orient research, concerning new thermoelectric materials for body thermal energy harvesting, toward maximizing a newly introduced factor (instead of Z T), being
2 Þ, with 0 , , and being the Seebeck coefficient, the thermal conductivity, and electrical resistivity of the material, respectively. Perhaps this could lead to even better thermoelectric materials.
Since Figs. 17-19 show a good agreement between simulations and measurements, our proposed model can be used to evaluate different measures to obtain thermal matching and predict the amount of power that can be harvested in a certain scenario.
E. Performance of the Proposed Energy-Harvesting and Power Management Module in a Real-Life Indoor Environment
Since Tan and Panda [17] demonstrate higher recoverable power densities in an outdoor environment compared to indoor conditions, an indoor environment is considered to demonstrate the energy-harvesting potential of the proposed energy-harvesting system in minimum power density situations. Using the proposed system in an outdoor environment will increase the energy scavenging thanks to improved light conditions and convection of the cold side of the TEG due to wind. The measurements performed in this section demonstrate:
the possibility to scavenge energy in most of the indoor conditions; an increase of scavenged energy by human motion/ movement; cooperation between the TEG and the solar cell, connected to the boost converter. Five carefully chosen scenarios are now studied to verify these claims. Before the start of each measurement, the MEC is discharged with a constant current of 50 A at 25 C via the REG pin of the CPMS (Fig. 8) , operating in high-current mode. This ensures a quasi-similar open circuit voltage of the MEC, slightly less than 3.9 V, at the start of each measurement. In addition, the LDO is turned off to reduce quiescent current. C, no air circulation and illuminated with fluorescent lamps mounted at the ceiling. A male test person of the height of 1 m 87 cm, wearing the energyharvesting system on his back and the TEG on his left arm, is standing in an upright position. Measurements show that due to the high temperature, a lack of air circulation and movement of the wearer, the TEG is not able to provide a voltage high enough to enable the LPS and thus charge the MEC. Moreover, the maximum value of the open circuit voltage of solar cell 2 in the room amounts to only 2.1 V and, hence, does not suffice to charge the MEC. However, solar cell 1 is capable of scavenging energy from the artificial light sources. The power generated by solar cell 1, as a function of time and over a 40-min time interval, is depicted in Fig. 20 . The generated power by solar cell 1 exhibits fluctuations around an average power level P gen;SC1 of 37 W. However, measurements have shown that, over the 40-min time interval, an average power of P cons;CPMS ¼ 12.6 W has been consumed by the CPMS, resulting in an overall system efficiency system of 65.9%. 24.4 W was delivered to the MEC ð P harv Þ with an average charge current I charge of 6.3 A. Hence, we may conclude that the energy-harvesting system is able to scavenge energy from artificial light.
2) TEG-Only ScenarioVA Static Wearer in a Nonilluminated Room at 15.5 C: The wearer sits in the same room as in the first situation and periodically stands up to stretch. Since the room is not illuminated in this case, none of the solar cells are able to recover energy. However, the room temperature is low enough, even in this static situation, to enable the LPS to charge the MEC via the CPMS. This is demonstrated in Fig. 21 , which depicts the power delivered by the TEG to the LPS and the power delivered to the battery, as a function of time. The seven peaks in the power curves can be attributed to stretching of the user, whereas the minor fluctuations are due to minor movements of the wearer. It can be seen that the output and input power curves have the same shape. The efficiency of the overall system is shown in Fig. 22 . Each input power peak in Fig. 21 corresponds to a small efficiency peak in Fig. 22 , whereas even a small input power drop results in a big efficiency drop. The resulting charge current is also shown in Fig. 22 . The curve has a very similar shape as the power delivered by the TEG to the LPS. Hence, the second scenario demonstrates the ability to charge the MEC in a nonilluminated room, solely by thermal energy recovered by a single TEG placed on the arm of a static wearer. During the 40-min interval, the TEG was able to generate an average power P gen;TEG of 105 W, of which P cons;LPS ¼ 66.8 W was consumed by the LPS, and P cons;CPMS ¼ 2.5 W by the CPMS. Hence, P harv ¼ 35.7 W was delivered to the MEC, leading to an overall system efficiency system of 34.0% and an average charge current of I charge ¼ 9.2 A.
3) TEG-Only ScenarioVA Dynamic Wearer in a Nonilluminated Room at 24 C: An increasing ambient temperature in the second scenario will result in a decrease of the open circuit output voltage of the TEG and, hence, in a lower operation point of the LPS. From a certain ambient air temperature, the output voltage of the TEG is not high enough to activate the LPS and the proposed energyharvesting system cannot charge the MEC anymore in case the wearer remains static. However, it is still possible to charge the MEC in a nonilluminated room, at a higher temperature than the specific ambient air temperature mentioned earlier, with one single TEG and without a heat sink, provided the wearer starts to walk. To demonstrate this, the room in the second scenario is heated to a constant temperature of 24 C and the lights remain dimmed. To demonstrate the cooperation between the TEG and solar cell 1, the second scenario is considered but with the fluorescent lamps turned on and the test person standing. The power produced by the TEG and solar cell 1 is depicted in Fig. 23 as a function of time. The peaks in generated power by the TEG can be attributed to fast movements of the wearer, caused by stretching as in the second scenario. In the 40-min interval, the TEG and solar cell 1 generate a total average power P gen;Total of 145 W, of which 111 W is generated by the TEG ( P gen;TEG ) and 34 W by solar cell 1 ( P gen;SC1 ). However, not all of the power delivered by the TEG is used to charge the MEC, due to power consumption and dissipation in the LPS and the CPMS, as already depicted in Fig. 22 . In fact, over the 40-min time interval, an average power of 69.6 W was required by the LPS, whereas 11.6 W was required by the CPMS. Eventually, an average power P harv of 63.8 W was delivered to the MEC, leading to an overall system efficiency system of 44.0%, and an average charge current I charge of 16.3 A.
5) Fifth ScenarioVA Dynamic Wearer in an Illuminated
Room at 17.5 C: The same room as in the fourth scenario is considered, but now the ambient air temperature equals 17.5 C and the wearer is dynamic. Fig. 24 depicts the power generated by solar cell 1 and the TEG, as a function of time. The measurement starts with the test person sitting. This corresponds to 72 W of generated power by the TEG and 9 W effectively delivered by the LPS to the CPMS. Then, the wearer starts walking at normal pace, resulting in higher power generation by the TEG than in static conditions shown in Figs. 21 and 23 . At certain times, the wearer takes a break. These breaks correspond to the drops in the instantaneously generated power by the TEG, to a level equal to or a bit larger than in the static scenario, shown in Figs. 21 and 23 . One would expect a lower instantaneously generated power by the TEG due to the higher ambient temperature, but the breaks were kept short in duration. Hence, the instantaneous power did not have enough time to drop to the expected power level. Between 900 and 1940 s, the wearer is still walking, but at increased speed. This results in an average power generated by the TEG P gen;TEG of 274 W. This is more than double the power delivered in the fourth scenario, despite the fact that the wearer is not walking at a very fast pace, the four breaks he takes, and the ambient temperature of 17.5 C. Again, not all of this power will be delivered to the MEC. The effectively delivered power by the LPS to the CPMS is also depicted in Fig. 24 . It has the same shape as the curve representing the power generated by the TEG. The dynamic behavior of the wearer also has an influence on the power generated by solar cell 1. At certain times, a bad orientation of solar cell 1 results in a drop of generated power. However, the drops in generated power by solar cell 1 are very short since the wearer is walking. Hence, the influence of these drops on P gen;SC1 is negligible. On average, 36.9 W of power was generated by solar cell 1, which is very similar to the average power obtained in the first scenario and results in a P gen;Total of 310.9 W. Since 150 W is required by the LPS and 12.6 W is required by the CPMS in order to fulfill their tasks, P harv amounts to 148.3 W, resulting in an system of 47.7%, and an average charge current I charge of 38.0 A.
The most important quantities of each scenario, being the average power that was generated by each of the three EH transducers, the average power that is required by the LPS ( P cons;LPS ) and CPMS ( P cons;CPMS ), the average power that is effectively harvested and stored in the MEC ( P harv ), the average charge current of the MEC ( I charge ), and the efficiency of the flexible power management system ( system ) that is observed over the considered 40-min time interval, are summarized in Table 5 . P cons;CPMS includes the power consumed by the boost converter and the power consumption caused by the quiescent current during harvesting. Since the LDO was turned off during measurements, no current was drawn from the cell in order to regulate the output voltage. Hence, this effect is not included in the system efficiencies depicted in Table 5 .
Turning on the LDO in high-current mode will cause a current of 725 nA to be drawn from the MEC, whereas turning on the LDO in low-current mode will result in a current of 150 nA to be drawn from the MEC [65] . Since solar cell 2 is selected to increase energy harvesting in an outdoor scenario, it does not output a voltage high enough to charge the MEC in an indoor scenario. Therefore, the generated power by solar cell 2 remains zero, as depicted in Table 5 . The importance of solar cell 2 will be highlighted in Section VII-F. Furthermore, in each of the five indoor scenarios, the voltage across the MEC remained approximately 3.9 V (exhibiting a slight increase). This is inherent to the open circuit voltage characteristic of the MEC, which exhibits a quasi-constant value of 3.9 V in the region where the MEC is charged between 3% and 50% (or similarly, where the MEC is discharged between 50% and 97%) [64] . Also, the behavior of the charge current is similar for all indoor scenarios, being a charge current fluctuating around the average charge current, depicted for each scenario in Table 5 , and following the fluctuations in generated power by the active EH transducer(s), as depicted in Figs. 20-24 . From Figs. 20-22 and Table 5 , we conclude that, with the proposed energy-harvesting platform, it is possible to harvest energy in most of the indoor scenarios. This is confirmed by the measurements in the first three of the five scenarios mentioned earlier. Fig. 20 and Table 5 demonstrate the potential to recover energy in the presence of artificial light. However, in the absence of light, Fig. 21 and Table 5 show that the TEG is able to harvest energy. Yet, the energy recovered by the TEG is dependent on the room temperature. Hence, from a certain ambient temperature, it is no longer possible to harvest energy in the absence of light, in case of a static wearer. If this situation occurs, energy harvesting is still possible provided the wearer starts walking. This is demonstrated by the third scenario and clearly seen in Table 5 . Moreover, Figs. 23 and 24 and Table 5 show that, in certain situations, it is possible to harvest energy from two different sources to increase the total harvested energy. The third and fifth scenarios demonstrate that more energy is recovered by the TEG when the wearer is walking than when he remains static, as indicated in Table 5 .
F. Performance of the Proposed Energy-Harvesting and Power Management Module in a Real-Life Outdoor Environment
Section VII-E already demonstrated the energyharvesting potential of the proposed system in minimum power density situations, typical for indoor scenarios. It was also mentioned that employing the proposed system in an outdoor environment will increase the energy scavenging by solar cell 1 and the TEG, thanks to improved light conditions and increased convection of the cold side of the TEG, respectively. In addition, in outdoor scenarios, solar cell 2 will also be able to harvest energy, which was not the case in indoor scenarios. The energy-harvesting potential of solar cell 2 in a real-life outdoor environment is demonstrated in this section. Fig. 25 depicts the charge current of the MEC as a function of time in case the TEG and solar cell 1 are disconnected from the CPMS, so only solar cell 2 contributes to the charge current. The test person is standing in an upright position, with solar cell 2 on his chest perpendicular to the surface of Earth and pointed in the direction of the sun. The sky was turbidity free. One Lemey et al.: Textile Antennas as Hybrid Energy-Harvesting Platforms notices a constant current during the first 15 min of the measurement, but then the current decreases. Due to the charge profile of the MEC, solar cell 2 is forced into operating points inferior to the maximum power point. Connecting more MECs in parallel will reduce series resistance of the cells, change the operation point of solar cell 2, and increase total charge current. In that case, more energy can be scavenged in the same time interval, as demonstrated in [22] . By loading the CPMS via the regulated output in a similar way as in [22] , the solar cell can be forced into operating points delivering more power to the power management system. This is depicted in Fig. 26 , which shows the power delivered by solar cell 2 to the CPMS as a function of load current of the regulated output. In this specific case, the maximum generated power, being 49 mW, occurs at a continuous load current of 13 mA. The maximum power point in Fig. 26 is lower than the one obtained in Fig. 13 due to a less ideal orientation of the solar cell. However, Fig. 26 also demonstrates that, even without an ideal orientation, the maximum generated power by solar cell 2 in this outdoor scenario is much higher than the maximum generated power achieved in the five indoor scenarios (Table 5) , indicating the higher power densities in an outdoor environment and emphasizing the importance of including solar cell 2 in the design.
VIII. CONCLUSION
SFIT systems are able to set up wireless body sensor networks that implement augmented sensing for remote monitoring of vital signs and environmental conditions, wireless communication to enable remote interpretation, and actuation to trigger alarms. This enables them to improve quality of life of patients and elderly people by facilitating home care and independent living, in the meantime reducing healthcare costs for the society. Moreover, they reduce the risks, to which first responders are exposed during rescue missions and interventions, by leveraging improved disaster coordination through remote monitoring, localization, and control of the different team members. Autonomy, reliability, and user comfort are key requirements for these applications.
As the wireless communication module has a profound effect on the energy consumption of the SFIT system, special care should be taken to ensure its energy-efficient operation. As garments provide a sufficiently large integration platform, one or more high-efficiency and welldesigned textile antennas may be integrated, to implement an energy-efficient and reliable wireless communication link. A low-power wireless communication module brings us a step closer to fully autonomous SFIT systems that are solely powered by energy-harvesting techniques, provided the scavenging system can be unobtrusively integrated into a garment.
In this paper, we reviewed energy harvesting in the context of SFIT systems for rescue workers and for patients in home-care scenarios and hospitals. Specifically, a hybrid-antenna-harvester architecture was proposed that reuses the large surface required by the textile antenna(s) for efficient communication as an energy-harvesting and power management platform, to achieve a compact, highly integrated, and unobtrusive module. The integration of additional energy-harvesting and power management hardware may be realized on different textile antenna topologies, provided that the extra hardware does not affect antenna performance. We outlined the state of the art on energy harvesters that are suitable for such an integration process. Moreover, we discussed some upcoming harvesting technologies that offer great potential in combination with the textile antenna platform. Finally, a flexible hybrid energy-harvesting system that charges and protects MECs, and offers a regulated output, has been designed and effectively integrated onto a wearable textile substrate integrated waveguide antenna. The proposed flexible energyharvesting system is capable of combining the energy harvested from three different energy sources, each with a different order of magnitude, to realize more continuous energy harvesting and larger amounts of scavenged energy. This extends battery lifetime or reduces battery size in the SFIT system. The performance of the proposed energyharvesting system was analyzed in low-power-density scenarios to demonstrate the energy-harvesting potential in an indoor environment. The integration of a second solar cell increases the scavenged energy in outdoor environments. Excellent performance of the proposed system was obtained in different harvesting scenarios. However, depending on the application, an even better performance can be achieved by integrating more MECs and/or more flexible solar cells, combining the energy from multiple diverse energy sources, tailoring the power management module to the power profile of the communication module and to the power profile of the energy-harvesting transducers. Measurements have demonstrated that the integration of suitable energy-harvesting hardware onto a well-chosen wearable textile antenna has a negligible influence on the antenna performance. Hence, the surface required by the antenna in a smart textile system is effectively reused as energy-harvesting and management platform. This novel integration of both energy scavenging and power management hardware onto a wearable textile antenna results in a more compact and more autonomous overall system, thereby improving the user's comfort. h
